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ABSTRACT 

In  situ  amendments  are  a  promising  approach  to  enhance  removal  of  metal  contaminants  from  diverse  environments 
including  soil,  groundwater  and  sediments.  Apatite  and  chitin  were  selected  and  tested  for  copper,  chromium,  and  zinc 
metal  removal  in  marine  sediment  samples.  Microbiological,  molecular  biological  and  chemical  analyses  were  applied 
to  investigate  the  role  of  these  amendments  in  metal  immobilization  processes.  Both  apatite  and  chitin  promoted  micro¬ 
bial  growth.  These  amendments  induced  corresponding  bacterial  groups  including  sulfide  producers,  iron  reducers,  and 
phosphate  solubilizers;  all  that  facilitated  heavy  metal  immobilization  and  removal  from  marine  sediments.  Molecular 
biological  approaches  showed  chitin  greatly  induced  microbial  population  shifts  in  sediments  and  overlying  water:  chi¬ 
tin  only,  or  chitin  with  apatite  induced  growth  of  bacterial  groups  such  as  Acidobacteria ,  Betaproteobacteria ,  Epsilon- 
proteobacteria,  Firmicutes,  Planctomycetes ,  Rhodospirillaceae ,  Spirochaetes ,  and  Verrucomicrobia;  whereas  these 
bacteria  were  not  present  in  the  control.  Community  structures  were  also  altered  under  treatments  with  increase  of  rela¬ 
tive  abundance  of  Deltaproteobacteria  and  decrease  of  Actinobacteria,  Alphaproteobacteria ,  and  Nitrospirae.  Many 
of  these  groups  of  bacteria  have  been  shown  to  be  involved  in  metal  reduction  and  immobilization.  Chemical  analysis 
of  pore-  and  overlying  water  also  demonstrated  metal  immobilization  primarily  under  chitin  treatments.  X-Ray  absorp¬ 
tion  spectroscopy  (XAS)  spectra  showed  more  sorbed  Zn  occurred  over  time  in  both  apatite  and  chitin  treatments  (from 
9%  -  27%).  The  amendments  improved  zinc  immobilization  in  marine  sediments  that  led  to  significant  changes  in 
the  mineralogy:  easily  mobile  Zn  hydroxide  phase  was  converted  to  an  immobile  Zn  phosphate  (hopeite).  In-situ 
amendment  of  apatite  and  chitin  offers  a  great  bioremediation  potential  for  marine  sediments  contaminated  with  heavy 
metals. 
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1.  Introduction 

In  situ  amendments  have  been  shown  as  an  effective  ap¬ 
proach  to  enhance  removal  of  metal  or  organic  contami¬ 
nants  under  a  variety  of  environments  [1-6].  Currently, 
both  inorganic  and  organic  materials  are  widely  used  as 
promising  sediment  amendments;  including  geotextile 
mats,  apatite,  organoclay,  and  chitin.  Inorganic  amend¬ 
ments  help  to  immobilize  several  toxic  metals  such  as 
lead,  zinc,  and  cadmium  by  forming  stable  compounds 
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that  render  the  metals  no  longer  bioavailable  [2,3,7].  Or¬ 
ganic  amendments,  in  contrast,  may  induce  indigenous 
microbes  capable  of  bio-reduction  and/or  of  direct  or 
indirect  immobilization  of  toxic  metals  [1,4, 8, 9]. 

Apatite,  an  inorganic  phosphate  mineral,  has  been  ap¬ 
plied  to  facilitate  the  immobilization  of  several  toxic 
metals  including  Cu,  Zn  and  Pb  [10-12].  For  example, 
apatite  amendments  have  a  long  remedial  history  at  met¬ 
als  contaminated  soils  sites  [10,13,14].  Apatite’s  use  in 
sediment  remediation  is  more  recent  [15].  The  DoD 
(Navy)  is  currently  evaluating  apatite  amendments  at  a 
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metal  recycling  facility  to  remediate  high  Zn  levels  in 
nearby  sediments  [16].  Phosphates  released  from  apatite 
will  sequester  metals  to  form  more  stable  metalphosphate 
complexes  [3].  This  process  may  be  linked  to  activities 
of  phosphate-solubilizing  bacteria.  Although  marine  en¬ 
vironments  are  not  phosphate-limited,  recently  Uzair  and 
Ahmed  [17]  have  successfully  isolated  both  attached  and 
free-living  marine  bacteria  that  were  able  to  solubilize  phos¬ 
phate  compounds  when  given  suitable  carbon  sources. 

Meanwhile  chitin,  a  homopolymer  of  N-acetylgluco- 
samine  (NAG),  is  an  abundant  structural  polysaccharide 
produced  by  many  marine  organisms.  Several  experi¬ 
ments  have  demonstrated  that  bacterial  communities  shift 
in  response  to  amended  chitin  [18]  and  indigenous  bacte¬ 
ria  were  capable  of  cleaving  this  polymer  via  the  synthe¬ 
sis  of  specific  enzymes  that  were  induced  by  chitin  [19]. 
Further,  breakdown  products  (e.g.  acetate  and  fructose) 
from  chitin  degradation  may  serve  as  ideal  carbon  sources 
for  anaerobic  and  facultative  microorganisms  capable  of 
metal  reduction  [20].  It  is  thus  reasonable  to  expect  that 
we  hypothesize  that  amendment  of  apatite  and/or  chitin 
will  stimulate  bacterial  growth,  and  subsequently  en¬ 
hance  metal  transition,  immobilization  and  sequestration 
in  marine  environments. 

Metabolically  diverse  indigenous  microorganisms  in¬ 
teract  with  metals  in  a  variety  of  ways  that  lead  to  de¬ 
creased  metal  solubility  and  mobility  [21-22].  Among 
these  microbes,  iron-reducing  and  sulfide-producing  bac¬ 
teria  (FeRB  and  SPB,  respectively)  are  two  biogeo- 
chemically  important  groups  that  have  been  shown  to 
contain  suitable  physiology  for  metal  precipitation  and 
immobilization  due  to  their  metabolic  end-products  such 
as  Fe(II)  and  HS"  [23-29]. 

In  addition  to  the  effectiveness  of  bioremediation,  one 
other  critical  perspective  of  inorganic  or  organic  materi¬ 
als  used  as  in  situ  amendment  remediation  alternatives,  is 
to  limit/avoid  the  impacts  on  living  organisms.  Therefore, 
during  our  primary  study,  we  tested  how  the  inorganic 
and  organic  amendments  impacted  microbial  communi¬ 
ties  [30]  and  impacted  the  macro-invertebrate  communi¬ 
ties  [31].  Dose-response  experiments  of  candidate  mate¬ 
rials  suggested  that  appropriate  concentrations  of  apatite 
and  chitin  (5%  and  0.5%,  respectively)  amendments  had 
little  or  no  negative  impacts  on  water  quality  and  ambient 
living  organisms  [31]. 

In  this  study,  apatite  and  chitin  were  applied  to  micro¬ 
cosms  containing  pristine,  coarse,  sandy  sediments  from 
Yaquina  Bay  (YB),  Oregon,  and  contaminated,  fine¬ 
grained  sediments  from  Mare  Island  (MI)  Naval  Ship¬ 
yard,  California,  with  and  without  spiked  heavy  metals. 
Responses  of  the  microbial  communities  (biomass  and 
population  structures)  were  monitored  in  the  treated  sedi¬ 
ments.  Chemical  analysis,  including  ICP-MS  and  X-ray 
absorption  spectrometry  was  used  to  determine  the  ef¬ 
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fects  of  the  amendments  on  the  sediment  composition 
and  zinc  speciation. 

2.  Experimental 

2.1.  Sediment  Description 

Pristine  and  uncontaminated,  sandy,  coarse  sediments 
from  Yaquina  Bay  (YB),  OR,  and  historically  heavy 
metal  contaminated,  fine-grained  sediments  from  Mare 
Island  (MI)  Naval  Shipyard,  CA,  were  evaluated  [29]. 
Major  properties  of  both  sediments  including  percentage 
of  silt/clay,  TOC  (total  organic  carbon),  and  metals  were 
listed  in  a  previous  study  [31].  Because  the  MI  sediments 
were  aged,  additional  spikes  of  Cu,  Zn,  and  Cr  were  in¬ 
corporated  with  the  goal  of  metal  concentrations  in  the 
overlying  water  of  Cu  =  0.25  ppm,  and  Zn  and  Cr  =  1.0 
ppm  (Table  1).  These  concentrations  were  used  as  a  sur¬ 
rogate  for  current  metal  contaminated  sites.  The  metal 
additions  were  added  with  the  assumption  of  no  binding 
as  TOC  of  coarse  sand  is  less  than  0.1%.  The  sediment 
types  and  treatments  applied  in  this  study  are  listed  in 
Table  1. 

2.2.  Amendment  Experiments  with  Apatite 
and  Chitin 

Mesocosm  preparation  and  experimental  setups  followed 
previously  described  methods  [30-31].  Briefly,  for  each 
treatment,  150  g  of  sediment  was  added  to  each  of  5  rep¬ 
licate  beakers.  A  sixth  replicate  was  used  for  monitoring 
daily  water.  Approximately  750  mL  of  uncontaminated 
and  filtered  (0.45  pm  Millipor  filter)  natural  seawater 
(salinity  at  30  psu)  collected  from  near  the  mouth  of  San 
Diego  Bay,  was  added  to  each  jar.  A  3 -day  equilibration 
period  preceded  the  experiments.  All  beakers  were  gently 
and  continuously  aerated. 

Based  on  the  previous  toxicological  dose-response 
experiments  and  microbial  response  studies  [30-31],  apa¬ 
tite  (5%)  and  chitin  (0.5%)  were  selected  as  candidate 
amendment  treatments.  Concentrations  of  amendments 
and  treatment  setups  are  described  in  Table  1.  Negative 
controls  contained  unspiked  and  unamended  YB  and  MI 
sediments  (Table  1;  CUU  and  FUU,  respectively). 

2.3.  Microbiological  Sample  Collection  and 
Analyses 

Water  and  sediment  core  samples  were  collected  for  all 
analyses  at  certain  time  points  as  required.  Because  many 
metal-microbe  interactions  occur  in  the  overlying  water 
and  surface  sediments,  overlying  water  and  pore-waters 
were  analyzed  for  bacterial  populations.  Detailed  de¬ 
scriptions  of  sample  collections  and  treat  ments  are  pre¬ 
viously  described  [30].  Samples  for  molecular  and  mi¬ 
crobiology  analyses  were  collected  at  Day  0  and  Day  28. 


Copyright  ©  2013  SciRes. 


OJMetal 


J.  KAN  ET  AL. 


53 


Table  1.  Sediment  amendments  applied  in  this  study. 


Sediment 

type 

Amendment 

Metal  mixture*  Experiment 
spiking  abbreviation 

Coarse  (YB) 

Unamended 

Unspiked 

CUU 

Coarse  (YB) 

Unamended 

Spiked 

CUS 

Coarse  (YB) 

5%  apatite 

Spiked 

CAS 

Coarse  (YB) 

0.5%  chitin 

Spiked 

CCS 

Coarse  (YB) 

5%  apatite  +  0.5%  chitin 

Spiked 

CACS 

Fine  (MI) 

Unamended 

Unspiked 

FUU 

Fine  (MI) 

5%  apatite 

Unspiked 

FAU 

Fine  (MI) 

0.5%  chitin 

Unspiked 

FCU 

Fine  (MI) 

5%  apatite  +  0.5%  chitin 

Unspiked 

FACU 

Fine  (MI) 

Unamended 

Spiked 

FUS 

Fine  (MI) 

5%  apatite 

Spiked 

FAS 

Fine  (MI) 

0.5%  chitin 

Spiked 

FCS 

Fine  (MI) 

5%  apatite  +  0.5%  chitin 

Spiked 

FACS 

YB:  Yaquina  Bay,  OR;  MI:  Mare  Island  Naval  Shipyard,  CA;  Appropriate 
salt  forms  of  Cu,  Zn,  and  Cr  were  incorporated  into  the  overlying  water 
column  to  achieve  free  metal  concentrations  of  Cu  =  0.25  ppm,  and  Zn  and 
Cr  =  1.0  ppm. 

2.3.1.  Microbiological  Analysis 

Microbial  biomass  was  determined  by  epifluorescence 
microscopy.  DNA  extraction,  PCR-DGGE  (denaturant 
gradient  gel  electrophoresis)  of  16  S  ribosomal  RNA 
gene,  band  excision  and  sequencing,  and  phylogenetic 
analyses  followed  described  protocols  in  a  previous  re¬ 
port  [30]. 

2.3.2.  Clone  Library  Analysis 

Based  on  the  fingerprinting  results  from  PCR-DGGE, 
and  to  further  characterize  the  bacterial  communities 
from  sediments,  three  clone  libraries  were  constructed 
from  the  anaerobic  zone  on  the  treatments  FUS,  FCS, 
and  FACS  (Table  1).  This  analysis  could  not  be  com¬ 
pleted  from  the  coarse-grained  sandy  sediments  because 
of  insufficient  DNA  concentrations.  Briefly,  near  full 
length  of  1 6  S  rRNA  genes  was  amplified  with  primer  27 
F-1492  R,  and  PCR  products  from  triplicate  samples 
were  pooled  to  minimize  variations.  Then  the  amplicons 
were  cloned  using  the  TOPO  TA  Cloning  Kit  (Invitrogen) 
and  then  sequenced  by  using  the  Big  Dye  Terminator 
chemistry  (Applied  Biosystems).  Chimeric  sequences  were 
detected  using  the  program  of  Bellerophon  [32]  and  re¬ 
moved  from  further  analysis.  All  non-chimeric  sequences 
were  blasted  against  the  GenBank  (http://www.ncbi.nlm. 
nih.gov/genbank/).  Sequences  from  both  DGGE  bands 
and  clone  libraries  were  submitted  to  GenBank  under  the 
accession  number  KF268681-KF268939. 


2.3.3.  Phosphate  Solubilizing  Bacteria  Detection 

Three  dilutions  (1CF1,  10”2,  and  10”3)  of  overlying  water 
and  sediments  (aerobic/anaerobic  interface)  were  tested 
to  detect  phosphate-solubilizing  bacteria  on  apatite  agar 
plates.  Plates  were  prepared  as  previously  described  [33] 
with  some  modifications,  i.e.  6  g  CaCl2  and  4  g  KH2P04 
were  added  to  500  mL  filtered  (0.22  jam  Millipore™) 
seawater.  To  a  separate  500  mL  of  sterile  seawater,  10  g 
agar  was  added  and  all  solutions  were  autoclaved  sepa¬ 
rately.  20  mL  of  1  M  sterile  NaOH  and  20  mL  of  1  M 
sterile  glucose  was  added  to  the  CaCl2/KH2P04  seawater 
solution  and  mixed  well.  After  that,  the  CaCl2/KH2P04 
seawater  solution  wasmixed  with  autoclaved  agar  solu¬ 
tion  and  poured  into  plates.  Diluted  samples  from  the 
overlying  water  column  and  sediments  were  inoculated 
and  streaked  for  isolation  on  the  agar  plates;  incubated 
for  2  weeks  at  room  temperature. 

2.4.  Chemical  Analyses 

Analyses  for  overlying  and  pore-water  samples  by  ICP- 
MS  were  taken  at  Day  0  and  Day  10,  due  to  the  high  mi¬ 
crobial  activity.  Sediments  were  examined  via  X-ray 
absorption  spectroscopy  (XAS)  at  Day  0  and  Day  10.  To 
examine  long-term  effects  of  apatite,  a  few  selected  sam¬ 
ples  were  analyzed  at  Day  28,  and  one  sample  from  the 
unspiked  apatite  amendment  was  extended  to  120  days. 

2.5.  ICP-MS  Analysis 

Metal  extraction  from  overlying  and  pore-water  followed 
EPA  sample  preparation  protocol  and  metal  analysis  with 
ICP-MS  were  performed  as  previously  described  [34-35]. 

2.6.  X-Ray  Absorption  Spectroscopy  (XAS) 

XAS  analyses  followed  the  exact  protocol  from  a  previous 
report  [30].  Briefly,  the  samples  were  prepared  as  thin  pel¬ 
lets  with  a  hand  operated  IR  pellet  press  and  the  samples 
were  secured  by  Kapton  tape.  Five  individual  spectra  for 
each  sample  were  averaged  followed  by  subtraction  of  the 
background  through  the  pre-edge  region  using  the  Autobk 
algorithm  and  normalized  to  an  atomic  absorption  of  one. 
The  data  were  converted  from  energy  to  photoelectron 
momentum  (&-space)  and  weighted  by  k3.  Identification 
of  zinc  phases  in  the  sediment  samples  was  accomplished 
by  principal  component  analysis  (PCA)  and  linear  com¬ 
bination  fitting  (LCF)  of  the  sediment  XAS  spectra  rela¬ 
tive  to  the  known  reference  spectra.  Reference  materials 
examined  include  hopeite  (Zn3(P04)2-4H20),  Zn-Al  lay¬ 
ered  double  hydroxide  with  nitrate  and  silicate  interlayers, 
Zn(OH)2,  ZnO,  sphalerite  (ZnS),  zinc  sorbed  to  ferrihy- 
drite,  zinc  sulfate,  aqueous  zinc  nitrate,  franklinite 
(ZnFe204),  willemite  (Zn2Si04),  hemimorphite 
(Zn4Si207(0H)2-H20),  and  gahnite  (ZnAl204).  The  accu- 
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racy  of  LCF  results  was  estimated  to  be  10%  -  15%  [36]. 

3.  Results  and  Discussion 

3.1.  Microbial  Population  Analysis 

Total  chitin  production  by  crustaceans  in  marine  envi¬ 
ronments  are  estimated  to  reach  up  to  109 1  per  year  [37], 
and  most  of  the  chitin  (90%)  is  digested  within  150  h  in 
water  column  [38].  In  marine  sediments,  chitin  degrada¬ 
tion  is  slower  and  the  breakdown  process  is  primarily 
accomplished  by  indigenous  bacteria  with  capability  of 
digesting  chitin  extracellularly  [39].  Therefore,  it  is  ex¬ 
pected  that  high  concentrations  of  chitin  will  favor 
growth  and  enrichment  of  certain  bacterial  groups.  In  this 
study,  substantial  increases  of  microbial  cell  numbers  as¬ 
sociated  with  chitin  amendments  were  observed  after  a 
28-day  incubation  (Figure  1).  Epifluorescence  microsco¬ 
pic  counts  showed  an  increase  in  cell  numbers  in  overly¬ 
ing  waters  from  all  treatments  containing  chitin:  CCS, 
CACS,  FCU  and  FCS.  The  numbers  were  from  0.38  x 
106  cells/mL  (control)  to  3.27  x  106,  1.85  x  106,  1.08  x 
106,  2.42  x  106  cells/mL,  respectively.  However,  cell  den- 
sity  in  the  fine-grained  sediments  in  the  apatite  plus  chi¬ 
tin  amendments,  FACU  and  FACS,  did  not  demonstrate 
statistically  significant  growth  compared  to  the  control. 

Chitin  has  been  widely  used  as  a  bio-control  material 
in  soils  in  order  to  reduce  parasitic  diseases.  Previous 
reports  showed  that  chitin  amendment  was  associated 
with  an  increase  of  bacterial  populations  with  chitinolytic 
activities  such  as  actinomycetes  [40-41].  Major  break¬ 
down  products  from  chitin  are  acetate  and  fructose  [20], 
both  of  which  may  serve  as  carbon  sources  for  anaerobic 
and  facultative  microorganisms.  Recently,  Kanzog  and 
colleagues  [18]  reported  that  both  microbial  numbers  and 
chitinolytic  activity  significantly  increased  in  the  sedi¬ 
ment  samples  enriched  with  chitin  in  an  experiment  con¬ 
ducted  in  deep-sea  sediment,  indicating  that  chitin  en¬ 
hanced  microbial  growth,  enzymatic  activity,  and  popu¬ 
lation  structures,  as  well.  Therefore,  chitin  may  play  an 
important  role  by  providing  a  slow-release  carbon  source 
to  maintain  microbial  activity. 

3.2.  Microbial  Community  Structure 

Several  studies  have  already  shown  that  microbial  com¬ 
munity  structures  respond  to  variations  of  organic  amend¬ 
ments  such  as  chitin  [18,40,41].  PCR-DGGE  in  combi¬ 
nation  with  DNA  sequencing  aided  in  identifying  the 
predominant  bacterial  populations  and  to  provide  a  com¬ 
prehensive  picture  of  microbial  community  structure 
over  time  and  under  different  amendment  and  metal  con¬ 
ditions.  Our  study  provides  a  “snapshot”  for  shift  of  bac¬ 
terial  population  structures  under  chitin  amendments. 

Analysis  of  DGGE  band  profiles  has  indicated  that 
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Figure  1.  Microscopic  cell  counts  in  overlying  waters  after 
28  days  incubation.  X  axis  showed  the  treatments  as  listed 
in  Table  1.  Significant  difference  compared  to  the  control 
(unpaired  t-test,p  <  0.05).  Data  from  treatments  CAS,  FAU, 
and  FAS  were  not  available. 

chitin  amendments  shifted  the  bacterial  population  struc¬ 
tures  significantly  in  overlying  waters  (Figure  2).  Phaeo- 
bacter  (band  1)  and  Roseobacter  (band  2)  were  the  pre¬ 
dominant  groups  in  the  controls  (CUU  and  FUU),  while 
more  distinct  bacterial  groups  were  present  after  chitin 
and/or  apatite  treatments  in  both  sediment  types  (CCS, 
CACS,  FCU,  FACU,  FCS  and  FACS,  Figures  2  and  3). 
Most  of  these  enriched  bands  (No.  5,  6,  8,  9,  10,  12,  14, 
15,  etc.)  belonged  to  subgroups  of  Alphaproteobacteria 
(Figures  2  and  3).  However,  Betaproteobacteium  (Band 
No.  3  Figure  3),  was  identified  in  most  samples  (CUU, 
CUS,  CAS,  FAU,  FUS,  and  FCS).  In  fact,  DGGE  profiles 
from  apatite  and/or  spiked  metals  were  remarkably  simi¬ 
lar  to  those  from  control  sediments.  Therefore,  compared 
to  chitin,  addition  of  apatite  or  metals  had  less  impact  on 
the  bacterial  population  structures  (Figures  2  and  3). 

For  sediments,  more  distinct  and  diverse  bacterial 
groups  were  enriched  in  both  aerobic/anaerobic  interface 
and  anaerobic  zone  sediments  (Figure  SI).  As  an  exam¬ 
ple,  in  coarse-grained  (YB)  surface  sediments,  Bacter- 
oidetes  (bands  19,  20),  Spirochaetes  (band  21),  and  Ro¬ 
seobacter  from  Alphaproteobacteria  (band  22)  were  pre¬ 
sent  in  both  chitin,  and  chitin  +  apatite  treatments  (CCS 
and  CACS,  Figures  Sl(a)  and  S2).  In  contrast,  Del- 
taproteobacteria  (bands  27,  28)  and  Bacteroidetes  (bands 
25,  26)  dominated  in  anaerobic  zone  sediments  from  the 
same  treatments  (CCS  and  CACS,  Figures  Sl(b)  &  S2). 
Due  to  the  detection  limit  and  sensitivity  of  DGGE  ap¬ 
proach,  treatments  from  fine  sediments  (MI)  didn’t  gen¬ 
erate  distinguishable  banding  patterns  and  therefore,  we 
further  characterized  bacterial  community  structures  by 
clone  library. 

As  we  expected,  remarkable  population  shifts  were 
observed  from  clone  library  analyses  (Table  2  and  Fig¬ 
ure  4).  Actinobacteria ,  Alphaproteobacteria ,  Gam- 
maproteobacteria ,  Deltaproteobacteria ,  and  Bacteroide¬ 
tes  were  predominant  groups  in  unamended  fine-grained 
sediments  with  spiked  metals  (FUS).  After  28  days  in- 
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Table  2.  Bacterial  population  structures  characterized  by 
clone  library.  Relative  abundance  was  based  on  the  occur¬ 
rence  of  representative  sequences.  -  =  not  detected. 


Relative  abundance  (%) 

rnyium 

FUS 

FCS 

FACS 

impact 

Acidobacteria 

- 

- 

1.9 

Induced 

Actinobacteria 

20.8 

8.6 

3.8 

Decreased 

Alphaproteobacteria 

22.9 

14.3 

13.2 

Decreased 

Betaproteobacteria 

- 

2.9 

1.9 

Induced 

Gammaproteobacteria 

22.9 

10 

20.8 

Decreased 

Amphritea 

2.1 

- 

1.9 

Marinobacterium 

2.1 

- 

- 

Oceanospirillum 

14.6 

1.4 

- 

Paramoritella 

- 

- 

3.8 

Pseudomonas 

2.1 

- 

- 

Shewanella 

- 

- 

1.9 

Uncultured 

2.1 

8.6 

13.2 

Deltaproteobacteria 

14.6 

30 

28.3 

Decreased 

Desulfotalea 

- 

1.4 

3.8 

Desulfovibrio 

- 

5.7 

3.8 

Desulfur  omonas 

- 

5.7 

- 

Desulfobacula 

- 

1.4 

1.9 

Geobacter 

- 

1.4 

- 

Pelobacter 

2.1 

- 

- 

Uncultured 

12.5 

14.3 

18.9 

Epsilonproteobacteria 

- 

4.3 

9.4 

Induced 

Bacteroidetes 

10.4 

10 

11.3 

Chloroflexi 

2.1 

1.4 

1.9 

Firmicutes 

- 

2.9 

5.7 

Induced 

Nitrospirae 

6.3 

4.3 

- 

Decreased 

Planctomycete 

- 

5.7 

- 

Induced 

Rhodospirillaceae 

- 

- 

1.9 

Induced 

Spirochaeta 

- 

4.3 

- 

Induced 

Verrucomicrobia 

- 

1.4 

- 

Induced 

cubation  with  chitin  and  chitin  +  apatite,  distinct  bacterial 
groups  were  induced,  including  Acidobacteria ,  Betapro- 
teobacteria ,  Epsilonproteobacteria ,  Firmicutes ,  Planc- 
tomycetes ,  Rhodospirillaceae ,  Spirochaetes ,  and  Verru- 
comicrobia ,  which  were  not  detected  in  the  unamended 
treatment  FUS  (Table  2).  To  date,  it  is  not  easy  to  link 
the  functionality  of  these  bacterial  groups  with  their  ge¬ 
netic  identification.  However,  high  occurrence  of  these 
groups  of  microorganisms  under  heavy  metal  concentra¬ 
tions,  e.g.  Firmicutes  indicated  the  potential  direct  or 
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Figure  2.  DGGE  fingerprints  of  bacterial  community  from 
overlying  waters  (W).  Labels  referred  to  the  treatments. 
Sample  FAS  failed  to  obtain  PCR  products.  Bands  1-15 
were  selected  and  excised  for  sequencing. 
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Figure  3.  Phylogenetic  analysis  (DNA  distance-NJ)  of  bac¬ 
terial  DGGE  band  sequences  obtained  from  overlying  wa¬ 
ters.  Bootstrap  values  were  based  on  analyses  of  1000  re¬ 
sampling  of  dataset.  Nanoarchaeumequitans  was  used  as  an 
outgroup.  Scale  bar  represent  0.05  substitutions  per  site. 


indirect  involvement  with  metal  immobilization  or  bio¬ 
remediation  [42-43].  Further,  over  time  Deltaproteobac- 
teria  population  increased  in  abundance,  while  that  of 
Actinobacteria ,  Alphaproteobacteria ,  Nitrospirae  de¬ 
creased  (Table  2  and  Figure  4).  In  fact,  Deltaproteobac- 
teria  became  the  most  dominant  groups  of  bacteria  after 
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I  Fibro  bactcrcs 

Figure  4.  Clone  library  analyses  of  bacterial  population 
structures  from  treatments  FUS,  FCS  and  FACS. 

28  days  incubation  in  both  FCS  (30%)  and  FAC  (28.3%) 
(Table  2).  Predominant  sulfate-reducing  bacteria  ( i.e . 
Desulfovibrio ,  Desulfobacula ,  Desulfotalea )  and  sulfur- 
reducing  bacteria  (i.e.  Desulfur omonas)  sequences  were 
detected  in  Deltaproteobacteria  class.  These  results  agreed 
with  previous  observations  on  increasing  sulfate-reduc¬ 
ing  bacterial  communities  and  activities  in  response  to 
carbon  source  amendments  [44].  Primarily  due  to  their 
metabolic  end-products  such  as  sulfide,  sulfate/sulfur  re¬ 
ducing  bacteria  were  able  to  facilitate  metal  sequestration 
and  immobilization  [24,45].  In  addition,  these  bacteria 
have  been  noted  for  their  capability  of  utilizing  metals  as 
electron  acceptors  via  dissimilatory  metal  reduction  [28- 
29].  A  good  example  is  Geobacter ,  which  was  also  re¬ 
trieved  from  our  clone  library  analyses  from  FCS  (Table 
2).  In  line  with  Geobacter ,  Shewanella  of  the  Gam- 
maproteobacteria  class,  another  recognized  metal  re¬ 
ducer  [46],  was  also  present  in  the  treatment  with  chitin  + 
apatite  (FACS).  Both  Geobacter  and  Shewanella  have 
been  proven  to  play  critical  roles  in  metal  reduction,  pre¬ 
cipitation  and  immobilization  [1,23,24,27,45].  Thus,  sul¬ 
fate/sulfur-reducing  bacteria  and  metal-reducing  bacteria 
responded  to  chitin  and  apatite  amendments,  and  were 
likely  responsible  for  the  metal  immobilization  and  se¬ 
questration. 

Although  no  significant  bacterial  cell  counts  and  popu¬ 
lation  shifts  were  observed  in  the  treatment  with  apatite 
alone  [30  and  this  study],  apatite  held  great  promise  of 
inducing  phosphate-solubilizing  bacteria  (PSB),  which 
might  facilitate  the  formation  of  phosphorites,  natural 


apatite  mineral  deposits  in  environments  [47-49].  Transi¬ 
tion  metals  in  natural  environments  were  expected  to  be 
sequestered  with  phosphates  and  form  more  stable  metal- 
phosphate  complexes  and  therefore  decrease  the  bioavail 
ability  of  these  metals  [3].  In  this  study,  we  tested  PSB 
on  agar  plates,  and  positive  PSB  colonies  were  present  in 
both  overlying  water  and  sediments  (Figure  S3).  The 
clearing  zones  indicated  solubilization  of  calcium  phos¬ 
phate  from  the  media  (Figure  S3).  To  date,  a  variety  of 
bacterial  groups  (e.g.  Bacillus ,  Rhizobium,  Pseudomonas , 
Serratia,  Shewanella ,  Escherichia ,  Vibrio ,  and  Proteus 
etc.)  have  been  proven  capable  of  solubilizing  phosphate 
compounds  [17,50-51].  Because  phosphate  is  not  a  lim¬ 
iting  factor  in  open  oceans,  only  few  studies  have  inves¬ 
tigated  PSB  from  marine  environments  [33,51].  However, 
the  presence  of  common  groups  of  bacteria  including 
Pseudomonas ,  Shewanella ,  and  Vibrio  from  our  clone 
libraries  suggested  that  they  might  respond  to  apatite 
amendment  and  solubilize  phosphate  in  marine  sedi¬ 
ments. 

3.3.  ICP-MS  Analysis  of  Spiked  Metals 

In  the  presence  of  apatite  only,  less  than  50%  of  Cu  and 
Cr;  and  0%  of  Zn  were  removed  from  the  overlying  wa¬ 
ter  in  the  coarse-grained  sediments  (CAS;  Table  3).  A 
similar  effect  was  observed  in  the  fine-grained  sediment 
as  Cu  and  Cr  were  not  removed  at  all;  and  in  the  Zn 
sample,  ~25%  of  Zn  was  removed  (FAS;  Table  3).  In  the 
presence  of  chitin,  between  60%  -  100%  of  metal  re¬ 
moval  occurred  in  the  overlying  and  pore- water  (CCS 
and  FCS;  Table  3).  The  combined  effect  of  apatite  and 
chitin  in  metal  removal  was  similar  enough  to  chitin  to 
demonstrate  the  important  role  of  chitin  in  these  proc¬ 
esses.  These  data  are  in  agreement  with  the  microbi¬ 
ological  data  where  chitin  enhanced  microbiological  ac¬ 
tivity  versus  apatite  amendments.  The  chitin  amendments 
likely  stimulated  sulfer- transforming  bacteria  [30,52]  and 
FeS  was  observed  in  the  mesocosms.  In  addition,  there 
may  have  been  metal  sorption  to  the  chitin  particles. 
However,  because  chitin  is  a  food  source  for  bacteria, 
there  is  the  potential  when  chitin  is  digested  for  metal  re¬ 
solubilization.  Therefore  long-term  chitin  metal  removal 
should  be  evaluated.  Nevertheless,  the  role  of  apatite 
cannot  be  excluded  as  phosphate-solubilizing  bacteria 
were  detected.  In  addition,  XAS  data  also  showed  the 
positive  effects  of  apatite  in  sediments. 

3.4.  Effects  of  Apatite  and  Chitin 
Amendment  on  Zinc  Mobilization 

Figure  5  showed  an  example  X-ray  absorption  near-edge 
spectroscopy  (XAS)  spectra  on  FAU  sediments  over  time 
post  amendment  addition  and  reference  spectra  of  pri¬ 
mary  components  for  linear  combination  fitting  (LCF). 
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Table  3.  Metal  removal  from  the  overlying  water  (OW)  and 
pore-water  (PW)  samples  relative  to  controls. 


Metal  removal,  %, 
OW 


Metal  removal,  %,  PW 


Coarse-grained  (YB) 

Cu 

Cr 

Zn 

Cu 

Cr 

Zn 

sediment 

Apatite  (CAS) 

40 

45 

0 

NA* 

NA 

NA 

Chitin  (CCS) 

60 

100 

85 

NA 

NA 

NA 

Apatite  +  chitin  (CACS) 

70 

100 

57 

NA 

NA 

NA 

Fine-grained  (MI) 
sediment 

Apatite  (FAS) 

0 

0 

24 

70 

75 

45 

Chitin  (FCS) 

62 

98 

65 

87 

97 

63 

Apatite  +  chitin  (FACS) 

47 

100 

42 

0 

68 

49 

NA  =  not  analyzed.  Pore  water  was  not  extractable  from  these  sandy  sam¬ 
ples. 


Energy  (eV) 

Figure  5.  Normalized  Ka  Zn  X-ray  absorption  spectra  of 
FAU  sediments  over  time  post  amendment  addition  and 
reference  spectra  of  primary  components  for  linear  combi¬ 
nation  fitting. 

Due  to  concentration  of  Cu  and  Cr,  as  well  as  detector 
issues  during  data  collection,  only  spectra  for  Zn  were 
collected.  The  coarse  samples  also  provided  complica¬ 
tions  for  data  collection  due  to  the  low  sorption  capacity 
of  sand.  Most  metals  do  not  sorb  to  sand,  as  they  tend  to 
prefer  clay  minerals  and  organic  matter  due  to  surface 
charges.  Only  treatments  FAU,  FUS,  FAS,  FCS  and 
FACS  at  certain  time  points  were  run  on  the  XAS,  and 
the  Zn  XAS  linear  combination  fitting  results  were 
shown  in  Table  4.  Principal  component  analysis  (PC A) 
identified  and  confirmed  LCF  validity  with  five  suitable 
components:  Zn  hydroxide,  Zn  Carbonate,  Zn  orbed  to 
ferrihydrite,  ZnAl204,  and  Zn3(P04)2  (hopeite). 


At  day  0,  sediments  from  apatite  amended  unspiked 
treatment  (FAU)  was  identified  by  XAS  to  contain  pri¬ 
marily  easily  mobile  zinc  phases;  /. e. ,  zinc  hydroxide,  Zn 
carbonate,  Zn  sorbed  to  ferrihydrite,  ZnAl204,  and  some 
initial  Zn3(P04)2.  By  day  28  and  120,  a  significant  tran¬ 
sition  to  sorbed  Zn  and  zinc  phosphate  was  observed  in 
the  presence  of  the  apatite  (Table  3).  For  spiked  sedi¬ 
ments,  again  the  predominant  initial  Zn  species  is  zinc 
hydroxide  phases  (Table  3).  Unamended  treatment  (FUS) 
showed  no  significant  changes  from  easily  mobile  Zn 
hydroxide  phase  to  a  more  insoluble  Zn  phosphate.  How¬ 
ever,  remarkable  changes  occurred  after  28  days  post 
apatite  amendment  (FAS)  (Table  3),  indicating  the  apa¬ 
tite  effectively  immobilized  and  sequestered  Zn.  Chitin 
amendments  affected  the  Zn  speciation  even  further:  1) 
-13%  hopeite  (from  zero)  in  the  day  10  formed  in  chitin 
amended  sample  (FCS)  while  notable  Zn  hydroxide 
phase  decreased  from  -63%  to  55%;  2)  In  the  apatite  + 
chitin  (FACS),  hopeite  was  observed  at  day  0  post  mix¬ 
ing  (-9%),  and  increased  to  27%  by  Day  10  (Table  3). 
Therefore,  chitin  alone  does  aid  in  the  transition  of  solu¬ 
ble  zinc  to  the  immobilized  phase  of  hopeite;  but  the 
combined  effect  of  chitin  and  apatite  increased  the  im¬ 
mobilization  by  a  factor  of  2. 

4.  Conclusion 

The  apatite  plus  chitin  amendment  increased  the  micro¬ 
bial  cell  densities  and  significantly  altered  the  bacterial 
population  structures  (Figures  1  and  4,  Table  2).  For  ex¬ 
ample,  growth  of  Firmicutes  was  induced,  and  relative 
abundance  of  Deltaproteobacteria  was  significantly  in¬ 
creased  compared  to  the  control  (FUS)  (Table  2).  Del¬ 
taproteobacteria  and  Firmicutes  have  both  been  proven 
to  be  capable  of  producing  sulfides  and  carbonates  that 
quickly  bind  bioavailable  metals.  Further,  phosphate 
from  the  apatite  amendments  was  solubilized  biotically 
or  abiotically.  These  soluble  phosphates  sequestered  met¬ 
als  and  formed  more  thermodynamically  stable  metal 
phosphates.  Therefore,  we  conclude  that  certain  groups 
of  microorganisms  (e.g.  Deltaproteobacteria ,  Firmicute- 
sand  phosphate-solubilizing  bacteria)  were  induced  by 
amendments  of  chitin  and  apatite,  and  that  these  micro¬ 
organisms  worked  collaboratively  and  helped  facilitate 
the  transformation  and  immobilization  of  the  heavy  met¬ 
als.  Thus,  the  mixed  apatite  and  chitin  amendments  may 
provide  an  ideal  and  cost-effective  approach  for  efficient 
and  permanent  metal  sequestration  in  marine  sediments. 
These  in-situ  remedial  options  show  the  potential  for 
more  cost  effective  remediation  compared  to  conven¬ 
tional  ex-situ  options  such  as  dredging. 
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Table  4.  Linear  combination  fitting  of  fine-grained  sediments  (Mare  Island  Naval  Shipyard).  Treatments  FAU,  FUS,  FAS, 
FCS,  and  FACS  were  shown  in  Table  1.  -  =  not  detected.  The  R  factor  is  the  error  (%)  associated  with  the  fits. 


Treatments 

Amendment 

Metal  mixture 

Reaction  time 

Linear  contribution  fitting  distribution  (%) 

R  factor 

Zn  hydroxide1 

Zn  carbonate 

Sorbed  Zn2 

ZnAl204 

Hopeite3 

(%) 

FAU 

5%  apatite 

Unspiked 

0  days 

59.1 

7.4 

9.5 

18.8 

5.4 

3.00 

10  days 

59.1 

7.9 

8.5 

18.5 

6.2 

2.95 

28  days 

43.4 

8.4 

18.2 

12.9 

17.2 

1.50 

120  days 

25.3 

4.4 

29.9 

7.2 

33.3 

0.35 

FUS 

None 

Spiked 

0  days 

71.0 

10.0 

19.0 

- 

- 

1.61 

10  days 

70.0 

10.0 

18.0 

- 

- 

1.94 

28  days 

70.0 

- 

30.0 

- 

- 

FAS 

5%  apatite 

Spiked 

0  days 

45.0 

16.0 

- 

14.0 

25.0 

10  days 

43.0 

14.0 

- 

15.0 

28.0 

28  days 

31.0 

9.0 

26.0 

- 

34.0 

FCS 

0.5%  chitin 

Spiked 

0  days 

63.0 

25.0 

- 

13.0 

- 

1.12 

10  days 

55.0 

17.0 

5.0 

11.0 

13.0 

1.07 

FACS 

5%  apatie  +  0.5%  chitin 

Spiked 

0  days 

68.0 

13.0 

- 

10.0 

9.0 

1.97 

10  days 

52.0 

15.0 

- 

8.0 

27.0 

0.97 

includes  Zn(OH)2  and  related  layered  double  hydroxides;  2Zn  sorbed  to  ferrihydrite;  3Zn3(P04)2. 
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Figure  SI.  DGGE  fingerprints  of  bacterial  community  from  aerobic/anaerobic  interface  (a)  and  anaerobic  zone  (b)  sedi¬ 
ments.  Labels  referred  to  the  corresponding  treatments  as  listed  in  Table  1.  Bands  16-29  were  selected  and  excised  for  se¬ 
quencing.  Anaerobic  sediment  samples  from  treatments  FCS  and  FACS  were  not  available  (b). 
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Figure  S2.  Phylogenetic  analysis  (DNA  distance — NJ)  of 
bacterial  DGGE  band  sequences  obtained  from  Supplemen¬ 
tary  Figure  2.  Alpha,  Gamma,  and  Delta  represent  subdivi¬ 
sions  of  Proteobacteria.  Bootstrap  values  were  based  on 
1000  replicated  trees.  Nanoarchaeumequitans  was  used  as 
an  outgroup.  Scale  bar  represent  0.05  substitutions  per  site. 
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Figure  S3.  PSB  (phosphate  solubilizing  bacteria)  cultures 
after  2  weeks  incubation.  Clearing  zones  showed  bacterial 
solubilization  of  calcium  phosphate.  Left:  FAS  treatment 
with  10-4  dilution;  Right:  FACS  treatment  with  10-4  dilu¬ 
tion. 
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